As treatment options expand for metastatic colorectal cancer (mCRC), a blood marker with a prognostic and predictive role could guide treatment. We tested the hypothesis that circulating tumor cells (CTCs) could predict clinical outcome in patients with mCRC.
INTRODUCTION
Colorectal cancer is the second leading cause of cancer death in the United States, with approximately 154,000 new cases and 52,000 deaths expected in 2007. 1 The number of therapeutic agents for metastatic colorectal cancer (mCRC) has increased during the last several years, with concomitant improvement in outcome. [2] [3] [4] With three classes of cytotoxic agents and two classes of therapeutic antibodies, treatment decision making is more complicated. Treatment often includes aggressive therapy as well as treatment holidays. The ability to identify patients with worse prognosis or those destined to progress quickly could have broad clinical application.
The presence of circulating tumor cells (CTCs) was speculated since Recamier coined the term "metastasis" in 1829, 5 and confirmed with Engell's documentation of cancer cells in the circulation in 1955 . 6 Recent refinement of an immunomagnetic separation technology to reliably and reproducibly isolate, enumerate, and characterize CTCs in epithelial malignancies 7 has enabled further study of the CTC as a prognostic and predictive marker. We conducted a pilot study demonstrating that CTCs can be isolated and enumerated in patients with mCRC. 8 We also noted that patients with disease progression had greater serial increases in CTC number than did nonprogressors. CTCs are present in the blood of patients with many cancers, but are extremely rare in healthy people. 7 In patients with breast cancer, CTC number is an independent predictor of progression-free survival (PFS) and overall survival (OS). 9 On the basis of this observation and our pilot study findings, 8 we initiated this multicenter study to evaluate whether CTCs could serve as a prognostic and/or predictive marker in patients with mCRC.
PATIENTS AND METHODS

Study Design
This prospective trial was conducted at 55 clinical centers throughout the US, the Netherlands, and the United Kingdom to evaluate the agreement of CTC number with response by imaging and the ability of CTC number to predict PFS and OS in patients with mCRC. Principal inclusion criteria were measurable mCRC initiating any first-or second-line systemic therapy or third-line therapy with an epidermal growth factor receptor inhibitor. All patients had an Eastern Cooperative Oncology Group (ECOG) performance status score of 0 to 2 and hemoglobin of at least 8 g/dL. The institutional review boards at each center approved the study protocol, and all patients provided written informed consent.
Imaging
Computed tomography or magnetic resonance imaging scans of the chest, abdomen and pelvis were to be performed at baseline and every 6 to 12 weeks after initiating treatment. Image interpretation was performed by a certified radiologist at each participating site using Response Evaluation Criteria in Solid Tumors (RECIST) 10 to classify each disease assessment as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). Patients who died before a follow-up imaging study were considered to have PD. For response to therapy at the first follow-up disease evaluation, the favorable group was defined as those with nonprogressive disease (NPD; including SD/PR/CR categories) and the unfavorable group as those with PD or death.
Isolation and Enumeration of CTCs
Peripheral blood was collected for CTC evaluation before the initiation of therapy (baseline) and subsequently at 1 to 2, 3 to 5, 6 to 12, and 13 to 20 weeks after initiating treatment. Blood samples were drawn into 10-mL evacuated tubes (CellSave, Immunicon, Huntingdon Valley, PA). Samples were maintained at room temperature, mailed overnight, and processed within 96 hours of collection. All CTC evaluations were performed without knowledge of patient clinical status in one of four central laboratories. The CellSearch System (Veridex LLC, Raritan, NJ) was used for CTC enumeration, the technical details of which, including accuracy, precision, linearity, and reproducibility have been previously described. 7 CTCs were defined as EpCAM isolated intact cells staining positive for cytokeratin and negative for CD45. At each time point, the favorable and unfavorable groups were defined as those having CTC levels less than the selected threshold or greater than or equal to the selected threshold, respectively. Two tubes of blood for CTCs were drawn at each time point to assess intrapatient reproducibility and confirmed a strong correlation between the two tubes (R 2 ϭ 0.96; Appendix Figs A1A and A1B, online only).
Statistical Analysis
The primary objective was assessment of agreement of CTCs after the initiation of therapy with response to therapy. We predicted that approximately 20% of patients would have unfavorable CTC levels after initiation of therapy. The sample size was calculated to provide adequate power for evaluation of the primary and secondary (association of CTCs with PFS and OS) objectives. For the primary objective, agreement was defined as favorable CTC corresponding with NPD or unfavorable CTC corresponding with PD. A one-group 2 test with a one-sided P value of .025 would have 80% power to reject a null hypothesis of less than 60% overall agreement between CTC and the response to therapy as determined by imaging with a sample size of 78 assessable patients and an alternative hypothesis of at least 75% agreement. A significance level of .025 was used because an interim analysis was planned for selection of the optimal blood draw time point and CTC threshold. For the secondary objective, it was assumed that patients with favorable CTCs would have a median PFS and OS twice that of patients with unfavorable CTCs, equating to a hazard ratio of 2.0. A log-rank test for equality of survival curves with a one-sided P value of .05 would have 80% power to detect a difference between the PFS and OS curves of patients with unfavorable and favorable CTCs, with a minimum of 37 patients in each group. Therefore, we initially planned enrollment of 200 patients, with an interim review planned after enrollment of 100 patients.
Based on a predetermined protocol interim analysis, the first 109 patients enrolled (training set) were used to select the optimal blood draw time point and a CTC cutoff for the stratification of patients into favorable and unfavorable prognostic groups based on the CTC counts after initiation of therapy. To select the optimal blood draw time point after the initiation of therapy, receiver operating characteristic curve analysis was used, the results of which led to selection of the 3-to 5-week blood draw time point because it provided the largest area under the receiver operating characteristic curve (75%). Thresholds of 1 to 10 for the 3-to 5-week CTC levels were systematically correlated with imaging, and the percentage CTC positive, sensitivity, specificity, and overall agreement for comparison of CTC and response at the first follow-up imaging study were evaluated. A threshold of at least three CTCs was chosen based on these results (data not shown). Using this threshold, approximately 10% of patients had unfavorable CTC counts at 3 to 5 weeks, requiring an increased enrollment target of 400 patients.
The selected threshold was then validated using the last 321 patients enrolled (validation set). Distribution of patients above and below the threshold level in the training and validation sets was compared using Fisher's exact test. The median patient ages and years to metastasis were compared using the nonparametric k-sample 2 test for equality of the medians. Patients were followed for progression by imaging every 6 to 12 weeks and after progression for overall survival every 6 months for up to 2 years. The study was monitored by an independent clinical research organization. PFS was defined as the elapsed time from blood collection to progression or death. OS was defined as the elapsed time from blood collection to death. Patients were censored at last follow-up if PD or death had not occurred. Separate Kaplan-Meier survival plots were generated on the basis of CTC levels at baseline and follow-up blood collections. Survival curves were compared using log-rank testing. Cox proportional hazards regression was used to determine univariate and multivariate hazards ratios for PFS and OS.
RESULTS
Patient Characteristics
Between February 2004 and November 2006 a total of 481 patients were enrolled, 430 of whom met inclusion and exclusion criteria and were assessable for the primary and/or secondary objectives. At the time of these analyses, death had occurred in 202 (47%) of the 430 patients, with a mean follow-up time for the 228 (53%) patients still alive of 12.6 Ϯ 6.5 months (median, 11.0 months; range, 0.8 to 30.0 months). Appendix Figure A2 (online only) summarizes the number of patients assessable for evaluation of the primary and secondary objectives and reasons for exclusion. Patient characteristics are listed in Table 1 .
CTC at Baseline
At baseline, 26% of patients had unfavorable CTCs (Ն three CTCs/7.5 mL of blood). Patients with liver metastases and poorer performance status had higher baseline CTC levels ( Table 2) .
Comparison of Training and Validation Sets
Comparison of the results from training and validation sets demonstrated no significant differences in the percentage of patients with unfavorable CTCs at 3 to 5 weeks (16% v 10%, respectively; P ϭ .232) or in the percentage agreement with imaging (77% v 78%, respectively; P ϭ .878). To further evaluate combining training and validation sets, sites within the same geographic regions with fewer than 10 assessable patients enrolled were grouped and analyzed as one site. No significant differences were noted between training and validation sets with either the percentage of unfavorable CTC samples at 3 to 5 weeks (P ϭ .633) or in the percentage agreement with imaging (P ϭ .728). Therefore, for evaluation of primary and secondary outcomes, data from the training and validation sets were pooled and a CTC threshold of at least three CTCs/7.5 mL was utilized.
Relationship of CTC to Radiographic Imaging
Of 430 assessable patients, 384 (89%) had a follow-up imaging study performed and assessed using RECIST (time to first imaging study: mean, 9.2 Ϯ 2.8 weeks; median, 8.7 weeks). Twenty-eight (7%) did not have a follow-up imaging study performed, and 18 (4%) died before a follow-up imaging study. A total of 334 patients (78%) had a CTC assessment 3 to 5 weeks after starting therapy (mean, 3.8 Ϯ 0.7 weeks; median, 4.0 weeks). Three hundred twenty patients were included in the analysis of the primary objective because they had a follow-up imaging study analyzed by RECIST, or they died before a follow-up imaging study and they had CTCs assessed 3 to 5 weeks after initiation of therapy. In this subset of 320 patients, three (1%) had a CR, 87 (27%) had a PR, 156 (49%) had SD, and 68 (21%) had PD at their first follow-up imaging study. Six (2%) died before a follow-up imaging study.
In 74 patients (23%) with PD or death, 20 (27%) had unfavorable CTCs at 3 to 5 weeks compared with 18 (7%) with NPD. Overall, CTC had a sensitivity of 27% (95% CI, 17% to 39%), specificity of 93% (95% CI, 89% to 96%), a positive predictive value of 53% (95% CI, 36% to 69%), a negative predictive value of 81% (95% CI, 76% to 85%), and overall agreement or accuracy of 78% (95% CI, 73% to 82%). Table 3 summarizes the comparison of imaging response and CTC at 3 to 5 weeks. 
CTC As a Prognostic Marker
The median PFS for the 430 assessable patients was 7.2 months (95% CI, 6.7 to 7.9 months) and median OS was 15.5 months (95% CI, 14.0 to 18.4 months). Patients with unfavorable CTCs at baseline had a significantly shorter median PFS (4.5 months; 95% CI, 3.7 to 6.3 months) and median OS (9.4 months; 95% CI, 7.5 to 11.6 months) compared with patients with less than three CTCs/7.5 mL (median PFS, 7.9 months; 95% CI, 7.0 to 8.6 months; median OS, 18.5 months; 95% CI, 15.5 to 21.2 months; Fig 1A and 1B) .
CTC As a Predictive Marker
The predictive value of CTC after 1 to 2, 3 to 5, 6 to 12, and 13 to 20 weeks of treatment is shown in Figure 1C and 1D. PFS and OS were significantly shorter at all time points for patients with at least three CTCs during therapy compared with those with fewer than three CTCs. Patients with PD before the time of the blood draw evaluation were excluded from the PFS analysis at that time point. Figure A3A and A3B (online only) show the median OS for increasing CTC thresholds at baseline and 3 to 5 weeks, demonstrating a plateau in OS at the three-CTC threshold. Figure 1E and 1F shows the relationship of CTC change from baseline to 3 to 5 weeks and clinical outcome in 319 patients. KaplanMeier plots are generated for those patients with CTCs who remained favorable (group 1), CTCs that remained unfavorable (group 4), or those who converted to the unfavorable (group 3) or favorable groups (group 2). Four (1%) of these patients showed evidence of PD before the date of the follow-up CTC evaluation and were excluded from the PFS analysis. Median PFS for 226 patients (72%) with favorable CTC at both time points (group 1) was not significantly different from that of the 52 patients (16%) who converted from the unfavorable to the favorable CTC group (group 2). However, the median PFS of these 52 patients (group 2) was significantly longer compared with that of the 28 patients who had unfavorable CTCs at both time points (group 4, Fig 1E) . The median OS of 227 patients with favorable CTCs at both time points (group 1) was significantly longer compared with that of the 53 patients who began with unfavorable CTCs but converted to favorable CTCs at 3 to 5 weeks (group 2; Fig 1F) . The median OS for the 53 patients (17%) that began in the unfavorable group but converted to the favorable group (group 2) was significantly longer compared with that of patients who remained with unfavorable CTCs at both time points (group 4, Fig 1F) .
Predictors of PFS and OS
In univariate Cox regression analyses, age, line of therapy, type of therapy, ECOG performance status, and CTC levels (at baseline and all follow-ups) were significantly associated with both PFS and OS. For multivariate Cox regression analyses, only the univariately significant clinical factors for the time point being evaluated were included in the multivariate model for that particular time point. After adjusting for these clinically significant factors, CTCs at baseline and all follow-up time points remained strong predictors of PFS and OS (Table 4) . Figure 2A shows that the OS for 121 patients (30%) with CR or PR at first imaging was significantly longer compared with 186 patients (46%) with stable disease and 95 patients (20%) with PD or death. A total of 364 patients had a CTC level determined within 1 month of the follow-up imaging study or death. Figure 2B demonstrates that the OS of 335 patients (92%) with favorable CTCs at the first follow-up imaging study was significantly longer compared with the OS of 29 patients (8%) with unfavorable CTCs. Figure 2C shows that the OS of 271 patients (74%) with NPD and favorable CTCs at the first follow-up imaging study (group 1) was significantly longer than that of 64 patients (18%) with PD and favorable CTCs (group 2), 13 patients (4%) with unfavorable CTCs and NPD (group 3), and 16 patients (4%) with PD and unfavorable CTCs (group 4). The OS of patients with PD and favorable CTCs (group 2) was significantly longer compared with patients with PD and unfavorable CTCs (group 4).
Relationship of CTCs and Imaging to OS
DISCUSSION
Building on our pilot study, this current multicenter study demonstrates that CTCs can serve as both a prognostic and predictive factor for patients with mCRC. The presence of at least three CTCs at baseline and follow-up is a strong independent prognostic factor for inferior PFS and OS. When utilized in conjunction with imaging studies, CTCs provide additional prognostic information.
There are several scenarios for which CTCs could have utility in colorectal cancer. The data presented suggest that CTCs may be used as a stratification factor in future advanced disease treatment studies. The current list of validated prognostic factors is short, with only performance status being universally recognized.
11,12 Further study should prospectively address whether modification of treatment based on unfavorable CTCs early in the course of treatment will result in improvement in PFS or OS. As treatment has become more effective for mCRC, decision making has become more complicated. Five classes of drugs are available for treatment, and traditional definitions of lines of therapy have blurred. 13 The most common initial chemotherapy backbone is a fluoropyrimidine with oxaliplatin or irinotecan. CTC levels drawn at 3 to 5 weeks and 6 to 12 weeks, before typical imaging intervals, may have the potential to inform treatment choices and spare patients unnecessary toxicity by suggesting that an early change in therapy is warranted.
Patients with mCRC who respond to initial chemotherapy are often considered for reduction in treatment intensity 14 or a treatment break. 15 A potential disadvantage of this approach is rapid disease progression during treatment holidays. CTCs may have a role in identifying patients who could safely have prolonged treatment breaks versus those who need to resume therapy more quickly. It is also plausible that CTCs could be utilized to assist management of earlierstage colorectal cancer patients. Finally, CTC phenotyping could demonstrate characteristics to select patients for targeted therapies, a scenario that has begun to be formally tested in the clinic. 16 The above scenarios will require prospective study to define the role for CTCs.
Limitations of this study must be considered. Patients undergoing various lines of therapy were included, which may influence the ability to generalize results to any one group. Patients also had flexibility regarding the exact dates of blood draws and computed tomography scans. However, the timeframes were well defined, and this study design more accurately reflects everyday clinical practice. Finally, the percentage of patients with unfavorable CTCs at baseline (26%) and overall CTC yield is less than in other epithelial malignancies such as breast cancer. 
Fig 1.
Progression-free survival (PFS) and overall survival (OS) of metastatic colorectal cancer patients with Ͻ three and Ն three circulating tumor cells (CTCs) in 7.5 mL of blood (A, B) before therapy, (C, D) 1 to 2, 3 to 5, 6 to 12, and 13 to 20 weeks after initiation of therapy, and (E, F) by circulating tumor cell status at baseline and 3 to 5 weeks.
In conclusion, this study demonstrates the independent prognostic and predictive value of CTCs for patients initiating chemotherapy for mCRC. The data obtained in this clinical trial supported US Food and Drug Administration clearance of the CellSearch system for enumeration of CTCs in mCRC, and this test is now commercially available. Our study was not designed to assess whether a change in therapy based on unfavorable CTCs is beneficial. However, clinical trials to explore this hypothesis are warranted. 
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